During the development of multicellular organisms the fate of individual cells is specified with great precision and reproducibility. Although classical genetic approaches led to the identification of many of the signaling pathways contributing to cell fate specification, they have provided little insight into the mechanisms that ensure robustness and reproducibility. We have used the specification of the R7 photoreceptor cells controlled by the Sevenless receptor tyrosine kinase (Sev) pathway to screen for modulators of pathway activity and to uncover the mechanisms underlying the robustness of cell fate decisions. Here we provide genetic evidence that the Drosophila SOCS36E adaptor protein containing an SH2 domain and a SOCS box acts as an attenuator of Sev signaling. Overexpression of Socs36E strongly suppresses the specification of extra R7 photoreceptor cells in response to constitutive activation of Sev, and loss of Socs36E function suppresses the loss of R7 cells when Sev activity is impaired. In a wild-type background, however, loss and gain of Socs36E function exhibits little effect on R7 specification. We also show that SH2 domain of SOCS36E is essential for this function in inhibiting Sev action and that Socs36E expression is suppressed by high Sev pathway activity. In our model, only the cell able to activate high levels of receptor tyrosine kinase signaling will repress SOCS36E expression, reduce the negative effect on Sev signaling and allow this cell to differentiate into R7. In contrast, the remaining cells fail to receive high signaling, and thus maintain high levels of SOCS36E. This represses residual Sev activity and blocks R7 development. Therefore, Socs36E constitutes a novel partially redundant feedback mechanism that contributes to the robustness of R7 specification. The SOCS family of adaptor proteins may have evolved as modulators of specific signaling pathways that contribute to the robustness and precision of cell fate specification.
Introduction
Cell-to-cell signaling is commonly regarded as the most important mechanism to drive cell specification. Many signaling pathways and their associated signal transduction molecules have been genetically and biochemically characterized. However, little is known about how these pathways are regulated to ensure the robustness and reproducibility of cell fate decisions. Signaling events must be regulated in space and time to activate specific genetic programs at the right place and moment in order to avoid wrong developmental decisions. Very likely a network of regulatory molecules will limit the range and duration of signaling activity that drives cell specification. Feedback mechanisms and specific signaling inhibitors of receptor activation are examples that could account for such a network of controlling molecules (Freeman and Gurdon, 2002) .
The development of the fly retina has been a key model to isolate and identify molecules involved in signaling between cells. The specification of photoreceptor cells occurs in the third instar eye imaginal disc with great precision to ensure proper function of the visual system. The eight photoreceptors of each ommatidium are recruited in a stepwise fashion by local cell interactions. High activity of the Ras/MAPK pathway controlled by the EGF receptor is important for the specification of R1-R7 photoreceptor cells (Freeman, 1996) . But in the case of R7 specification an additional burst of Ras/MAPK controlled by the Sevenless (Sev) receptor tyrosine kinase is required (Freeman, 1996; Simon et al., 1991) . The Sev receptor is expressed in nine cells in each ommatidial cluster, the precursors of the R1/R6, R3/ R4, R7 photoreceptors and four cone cells, known as the Sev equivalence group (Tomlinson et al., 1987) . However, only the R7 precursor will activate the Sev receptor by the Bride of sevenless (Boss) ligand, which is expressed in the adjacent R8 cells (Reinke and Zipursky, 1988) . Sev null alleles lack R7 cells in all ommatidia (Tomlinson and Ready, 1986) and the precursors that normally should differentiate into R7 will now trigger the non neural cone cell fate. Conversely, the constitutive activation of Sev induces additional cells of the Sev equivalence group to adopt an R7 photoreceptor cell fate (Basler et al., 1991) . The tight spatial and temporal regulation of Ras/ MAPK activity is therefore essential to ensure the specification of the precise number and arrangement of photoreceptor cells.
In search for novel negative regulators of the Sev pathway we performed an EP based genetic screen for suppressors of constitutively activated sev transgene and isolated Suppressor of cytokine signaling 36E (Socs36E) as a gene involved in Sev signaling modulation. SOCS proteins are conserved from flies to mammals and were initially identified as inhibitors of cytokine signaling pathways by acting through a negative feedback loop involving the inhibition of Janus kinase activity (JAK/STAT signaling pathway) (Endo et al., 1997; Hilton et al., 1998; Starr et al., 1997; Yoshimura et al., 1995) . Socs36E encodes the Drosophila homolog to the mammalian SOCS-5 (Callus and Mathey-Prevot, 2002; Karsten et al., 2002) and, like other members of the SOCS protein family, contains a SH2 domain flanked by a variable N-terminal domain and a conserved C-terminal domain, termed the SOCS box. The SH2 domain binds phosphorylated tyrosine residues, whereas the SOCS box participates in an ubiquitin ligase complex to promote the degradation of target proteins (Zhang et al., 1999) . In addition to the JAK/STAT pathway, SOCS proteins may also regulate signaling pathways, including receptor tyrosine kinases (Baetz et al., 2004; Callus and Mathey-Prevot, 2002; Kario et al., 2005; Krebs and Hilton, 2003; Rawlings et al., 2004) . However, little is known about how SOCS36E can modulate those receptors in physiological conditions.
Because cells can respond to Sev only for a restricted period of ommatidial recruitment (Basler and Hafen, 1989a,b; Bowtell et al., 1989) and because only the R7 precursor activates Sev, we decided to explore whether SOCS36E is involved in the regulation of Sev activity in the equivalence group to single out the R7. We provide genetic evidence that SOCS36E specifically acts as attenuator of Sev signaling in cells that express the Sev receptor but do not differentiate into R7. Moreover, SOCS36E targets the Sev receptor through its SH2 domain to block signaling transduction. Additionally, high levels of Ras/MAPK repress Socs36E in precursors of R7. Our results show that SOCS36E constitutes a novel partially redundant feedback mechanism that contributes to the robustness of R7 specification.
Materials and methods

Fly constructs and mutants
The insertion site of the EP(34-120y + ) line was determined by plasmid rescue after EcoRI or XbaI digestion of genomic DNA. EP(34-120y + ) is inserted 2 kbp upstream of the Socs36E open reading frame. The activated sev construct sev S11 (Basler et al., 1991) and recombinant flies sev-Gal4 sev S11 /TM3 were used for the screening and genetic interactions. The following fly strains were used: UAS-Socs36E, UASSocs36E-SH2⁎, UAS-Socs36E-ΔSB (Callus and Mathey-Prevot, 2002) , UAS-Socs44A (Rawlings et al., 2004) , and the hypomorphic allele sev d2 (Δ22) which consists of a null sev d2 allele partially rescued by a constitutive sev Δ22 construct (Bohmann et al., 1994) . Activation of Egfr was achieved using the gain-of-function alleles Elp
B1
, Elp 1 , or ectopically activation of the following constructs: UAS-tor D EGFR (Dominguez et al., 1998) or UAS-λtop (Queenan et al., 1997) ; sevRas V12 (Fortini et al., 1992) and sev-Raf TorY9 (Dickson et al., 1996) and UAS-upd (from Hou, S); sev-N nucl and sev-N act (Fortini et al., 1993) and sev-lz (Flores et al., 2000) transgenes were used to ectopically express Notch and lozenge respectively under the sev enhancer; GMRGal4 (Hay et al., 1994) and sev-Gal4 were used to drive expression of transgenes. CantonS was used as wild type. All crosses and fly culture were done in standard fly medium. When single UAS transgenes had to be compared to double transgenes, a UAS-GFP construct was added to avoid effects of titration of the Gal4.
P-element excision
The P{EPgy2}Socs36E EY06665 flies carry an insertion in the second exon of Socs36E. These flies were crossed to Δ2-3 transposase to excise the inserted element and to obtain a loss-of-function mutation of Socs36E. Genomic DNA extraction and PCR were performed with a pair of primers flanking the insertion point (upper primer: gccggcggaagtgcgtcag; lower primer: cagcgtgggcggtgtgga) in order to check whether those excisions resulted in complete or partial removal of the inserted element. The partial or imprecise excisions were sequenced using the same primers to molecularly define the deletions obtained.
Whole-mount in situ hybridization
In situ hybridization using digoxigenin-labeled antisense RNA probes was carried out using standard protocols. DIG-labeled riboprobes for Socs36E were synthesized using a complete cDNA clone from DGC (SD04308), sequenced using primers from the SP6 and T7 promoters and linearized with EcoRI for antisense probe, and SalI for the sense probe. To test the specificity of the riboprobe we used apGal4 to drive expression either UAS-Socs36E or UAS-Socs44A in the dorsal compartment of the wing disc, allowing us to compare the dorsal with the ventral domain of the same disc. Antisense probe strongly hybridized in the ap domain only when the Socs36E transgene was activated (data not shown).
Scanning electron microscopy and histology
Flies were dehydrated in 25, 50, 70, 90, 95 and 100% ethanol for 24 h each to prepare samples for scanning electron microscopy (SEM). To get rid of accumulated debris in the eyes, flies were sonicated for 30 s in an ultrasound bath followed by a final change of 100% ethanol. Flies were critical-point dried and coated with gold to be examined in a Hitachi S-2300 scanning microscope.
Adult flies were fixed, dehydrated and embedded in Spurr's medium. Semithin sections were obtained and stained with methylene blue for analysis under a Leica DMLB microscope. For each genotypic combination, ommatidia from 3 to 5 different eyes were counted in blind analysis. A Chi square test on contingency tables was performed. This allowed us to see significant differences in number of R7 per ommatidium comparing control versus experimental flies.
Antibody production and western blot analysis 5′ cDNA of Socs36E was inserted into a pPRO-EX-HTa expression vector (Invitrogen) to produce a fusion protein with 6 ×His residues. A histidine-tagged protein of ∼ 48 kDa from bacterial extract was purified using His-Select Nickel Affinity Gel (Sigma). The purified SOCS36E protein was injected into rabbits and rats to generate polyclonal antibodies.
To test the SOCS36E antibody, total protein extracts were obtained from embryos (0-24 h) by homogenizing 50 µl of dechorionated embryos in standard loading buffer. The extracts were processed and analyzed using SDS-PAGE and Western blot transfer standard protocols. Immunodetection was performed using rabbit anti-SOCS36E antibody (1:3000) and detected with goat anti-rabbit peroxidase (1:3000) secondary antibody with EZ-ECL system (Biological industries Ltd., Kibbutz Beit Haemek, Israel). For immunohistochemistry, rat or rabbit anti-SOCS36E were used 1:500 in blocking buffer and incubated overnight at 4°C.
Immunohistochemistry and bioimaging
The P(GawB)NP5170-5-1 line (Drosophila Genetic Resource Center) has inserted a Gal4 sequence in the first intron of the Socs36E gene, which promotes the expression of UAS-GFP to trace cells expressing Socs36E.
Antibody staining on imaginal discs was done using a standard protocol. Primary antibodies used in this study were: mouse anti-Elav (1:100 Developmental Studies Hybridoma Bank, DSHB), mouse antiProspero (1:4, DSHB), mouse anti-Cut (1:100, DSHB) and mouse antiRough (1:100, DSHB). Secondary antibodies were obtained from Jackson Immuno Research anti-mouse-Rhodamine Red (1:200) and anti-mouse-Cy5 (1:200). To stain the actin cytoskeleton, Rhodaminecoupled phalloidin (Molecular Probes) was used at 1:40 dilution for 30 min after disc fixation. Double fluorochrome-labeled samples were analyzed and captured using an Olympus confocal microscope. Images were processed using NIH ImageJ software. Final artwork was processed using Adobe Photoshop 7.0 software.
To analyze differences in Socs36E expression between pre-R7 and pre-cone cells, we compared pixel intensity between the GFP mean pixilation (green channel) in Pros positive cells (red channel) from Socs36E-Gal4; UAS-GFP (n = 2 discs) and Socs36E-Gal4;UAS-GFP sev S11 (n = 5 discs) eye imaginal discs. Measurements were done using RGB Measure plugin from NIH ImageJ software. Green/Red mean pixel ratios were calculated in order to normalize the data from different cells. These ratios were grouped in two independent populations: pre-R7 cells and pre-cone cells for each genotype. Data were analyzed using two independent non-parametric statistical tests, the MannWhitney and the Kolmogorov-Smirnov tests, to investigate whether there were differences between those populations.
Northern blot analysis
Total RNA was extracted from larvae by using Trizol (GIBCO/BRL) and mRNA purified with polyA-TRACT system (Promega). The Socs36E probe used for this analysis was a 667 bp PCR product (exons 3-4). The probe was labeled with [ 32 P]dCTP by random priming. Hybridization was carried out for 1 h at 68°C and after washing membrane was exposed to film at −80°C.
Results
Socs36E overexpression suppresses activated Sevenless
Overexpression of an N-terminally truncated version of the Sev receptor (sev S11 ) in the Sev equivalence group results in the formation of supernumerary R7 cells in each ommatidium and a concomitant disturbance of the hexagonal lattice of the ommatidial units. The degree of roughness of the eye surface is a sensitive measure for the number of extra R7 cells and indicates the levels of Sev pathway activity during the specification of photoreceptor cells. In search for novel negative regulators of the Sev signaling pathway, we aimed at identifying genes whose expression is capable of suppressing the sev S11 rough eye phenotype. To this end, we performed a UAS (upstream activating sequences)-Gal4-based EP (enhancer/promoter) screen (Rorth, 1996; Rorth et al., 1998) to randomly express genes together with the sev S11 mutation (Sese et al., 2006) . Fly lines containing random insertions of a double-headed EP transposable element carrying 3′ UAS and 5′ UAS sites, which permit the transcription of genes flanking the insertion in response to Gal4, were crossed to flies carrying both the sev S11 construct and the sev- was not due to the EP insertion site as there was no suppression without the Gal4 driver (Fig. 1B) . Plasmid rescue revealed the Suppressor of cytokine signaling 36E (Socs36E) as the gene activated by the insertion of EP(34-120y + ) (Fig. 1A) . Indeed, the expression of a UASSocs36E transgene under the control of sev-Gal4 resulted in a suppression of the sev S11 rough eye as well in a suppression of the extra R7 cells (p b 0.001; Figs. 1D-F). Moreover, overexpression of Socs36E by sev-Gal4 in a wild-type background was able to interfere with R7 specification. The resulting eyes lacked R7 cells in 7% of the ommatidia (n = 228) and exhibited a rough appearance (Fig. 1G) . Thus, overexpression of Socs36E interferes with the specification of R7 cells.
Socs36E is required for R7 inhibition
To get insight into the function of Socs36E we used the transposable element P{EPgy2}Socs36E EY06665 inserted into the second exon of Socs36E (Bellen et al., 2004) . Flies homozygous for this insertion are viable and exhibit normal eyes and photoreceptor organization. We generated an imprecise excision of this transposable element to disrupt the gene. Sequencing the resulting excision allele, hereafter termed Socs36E
EY11
, showed an insertion of 500 bp that corresponds to the truncated transposable element in the second exon of the Socs36E gene ( Fig. 2A) . Although Northern blot analysis demonstrated the presence of a transcript of higher molecular weight, a stop codon is located at the residue 179, which should give rise to a truncated protein without the SH2 and SOCS box domains (Figs. 2A, B) . In fact, Western blot analysis using polyclonal antibody against SOCS36E showed that the 68 kDa band, which corresponds to the predicted molecular weight, was missing in the mutant flies (Fig. 2B) .
Because the Socs36E EY11 mutant was homozygously viable, we conclude that loss of Socs36E function is dispensable for viability and fertility. However, eyes of Socs36E EY11 mutant flies were rough (Figs.
2C, D). In semithin sections of mutant eyes, we observed the presence of extra R7 photoreceptors in 2% (n = 310) of the ommatidia examined ( Fig. 2E ) in contrast to wild type flies, which always develop only one R7 per ommatidium. Eyes from flies in which Socs36E EY11 was placed over the deficiency Df(2L)Exel7070 that uncovers the Socs36E locus exhibited extra R7 cells in 2.7% (n = 333) of ommatidia with extra R7 (not shown). We reproduced the same phenotype by expressing a Socs36E RNAi construct (Dietzl et al., 2007) under the control of GMR-Gal4 or sev-Gal4 (Fig. 2F) . Moreover, under conditions in which Sev activity is limiting, the loss of R7 cells was partially suppressed by a loss of Socs36E function. Flies carrying the hypomorphic allele sev d2(Δ22) lack R7 cells in 10% of the ommatidia (n = 268). Homozygosity for Socs36E EY11 in sev d2(Δ22) eyes resulted in missing R7 cells in only 2% of the ommatidia (n = 532). From these results we conclude that Socs36E is a partially redundant negative regulator of R7 cell specification.
Socs36E is expressed in the developing ommatidial clusters
It has been reported previously that Socs36E is expressed in the morphogenetic furrow, a signaling center of the eye disc (Karsten et al., 2002) . We have re-examined the expression of Socs36E using a riboprobe synthesized from a complete cDNA clone (SD04308) and found that Socs36E is expressed throughout the eye disc with high levels in the developing ommatidia, in addition to the morphogenetic furrow. Within the ommatidial cluster the accumulation of Socs36E mRNA was surprisingly high in some cells and low or even undetectable in others (Figs. 3A-C), suggesting that Socs36E expression is tightly regulated during eye development, particularly during the later stages of ommatidial development behind the morphogenetic furrow.
An intriguing possibility to explain the heterogeneity in Socs36E mRNA distribution is that cells of the Sev equivalence group express high levels of Socs36E to prevent the specification of multiple R7 cells, whereas the R7 precursor cell exhibits low levels of Socs36E thus permitting high Ras/MAPK signaling. To explore this possibility, we used a Socs36E-Gal4 line to drive expression of the UAS-GFP reporter (hereafter Socs36E-GFP). Those discs were stained for multiple markers to identify the cells that expressed Socs36E. The expression of Socs36E-GFP was highly concentrated at the posterior region of the third instar disc, though low levels of GFP were also found in the rest of the disc (Figs. 3D-D″) . As for Socs36E mRNA, the distribution of Socs36E-GFP was heterogeneous. Immunolabeling with the panneural marker Elav revealed some photoreceptors with high levels of GFP, some with low and some others that lacked GFP (Figs. 3E-E″) altogether. Using the anti-Rough (Ro) antibody as a specific marker for R2, R3, R4 and R5 precursors, we established that the R3 and R4 photoreceptor cells expressed Socs36E-GFP strongly, whereas R2 and R5 did not (Figs. 3F-F″) . In optical sections, the photoreceptors R1 and R6, which are located adjacent to R2 and R5, respectively, also showed intermediate levels of GFP. Another photoreceptor lacking GFP was identified as R7 by staining with an antibody against Prospero (Pros) (Figs. 3H-H″) . Anti-Prospero also stains the non-neural cone cells, which can be distinguished in a different confocal plane, or more specifically with the cone cell marker Cut. Using both markers we were able to show localization of strong Socs36E-GFP activity in cone cells (Figs. 3G-G″) . Thus, the levels of Socs36E expression closely correlated with the fate of the cells within the R7 equivalence group. Cells whose fate is not determined by Sev, such as R3 and R4, or cells that do not become R7 because Sev is not activated, such as the cone cells, express high levels of Socs36E. On the other hand, no Socs36E expression is observed in the R7 cells whose fate depends on the activation of the Sev pathway. We also used anti-SOCS36E to evaluate the pattern of expression in the eye. We found that SOCS36E localized in some photoreceptors (R3, R4, R1 and R6) and cone cells but was missing or poorly expressed in R7, R2 and R5 (Figs. 3I-K) , indicating that the pattern assessed with the antibody is very similar to that observed with the Socs36E-GFP reporter. As already found for the Socs36E mRNA the protein was detected in the morphogenetic furrow, suggesting that the expression of the reporter line is only partially reproducing the endogenous expression. This difference could be due to an enhancer element specific for the ommatidia development targeted with Socs36E-GFP.
In later stages of ommatidial development, when all photoreceptors are already specified at the late third instar or early pupae, both SOCS36E protein and the Socs36E-GFP expression, were localized in all cells including R7 (not shown). This suggests that SOCS36E could also act in R7 when high levels of Ras are not longer required. Because the localization of Socs36E-GFP is sharper than the anti-SOCS36E (compare Fig. 3D with Fig 3I) , in further experiments we have used that reporter line to monitor Socs36E expression.
Socs36E expression is repressed by high Sev signaling
To explore whether high levels of Sev activity are sufficient to repress Socs36E expression, we recombined sev S11 with Socs36E-Gal4 UAS-GFP and checked for high Pros expression as a nuclear marker of R7 cells (Figs. 4A-B) . Indeed, eye discs of sev S11 larvae had an increased number of cells with low levels of Socs36E compared with discs of wild-type larvae. Moreover, many of the cells that had low or no Socs36E expressed Pros, suggesting that Socs36E expression is repressed in ectopic R7 cells. We quantified the Socs36E-GFP expression by measuring pixel intensity of Pros positive cells for the red (Pros) and green (GFP) channels (see Materials and methods). In wild-type eye imaginal discs, GFP intensity in cone cells was six fold higher than in R7 precursors (R7 median = 0.051; cone cell median = 0.386; p b 0.001). In sev S11 discs, few cone cells still present in ommatidia showed pixel intensities similar to wild-type cone cells, whereas the extra R7 cells of sev S11 ommatidia showed a significantly lower GFP intensity (R7 median = 0.130; cone cells median = 0.345; p b 0.001). In addition, we reproduced the same observation by using flies with activated Ras protein under the sev promoter (sev-Ras
V12
). In sev-Ras V12 eye imaginal discs all Pros positive endogenous and extra
R7 cells lacked GFP expression (Figs. 4C-D).
SOCS36E genetically interacts with Sev
Drk, the fly ortholog to the mammalian Grb2, is the adaptor protein that links Sev to Sos and its downstream effectors Ras and MAPK (Olivier et al., 1993; Simon et al., 1993) . Drk/Grb2 contains an SH2 domain flanked on each side by an SH3 domain. We hypothesized that SOCS36E suppressed Sev signaling activity by antagonizing Drk for binding to the activated Sev receptor through the SH2 domain. To test this hypothesis, we determined whether the suppression of the sev S11 induced multiple-R7 phenotype by Socs36E overexpression is counteracted by overexpression of drk. Overexpression of UAS-Drk EP(2)2477 (Kraut et al., 2001 ) under the control of sev-Gal4 resulted in flies with rough eyes and further enhanced the rough eye phenotype of sev S11 flies. Only 20% (n = 51) of ommatidia contained three or less R7 cells (Fig. 5A) . In contrast, 95% (n = 338) of the ommatidia of sev S11 flies overexpressing Socs36E contained three or less R7 cells (Fig. 5B) . Eyes of sev S11 flies co-expressing UAS-Socs36E and UAS-Drk EP(2)2477 under sev-Gal4 still showed some rough eye phenotype and the number of ommatidia with ≤3 R7 cells was 48% (n = 185, Figs. 5C-D). This result indicates that in the presence of high levels of Drk, SOCS36E is unable to maintain the same suppression of sev S11 . To test the role of the two functional domains of SOCS36E we analyzed mutations that have been tested in the mammalian homolog SOCS-5 (Kario et al., 2005; Nicholson et al., 2005) . The SH2 mutant did not co-immunoprecipitate with the EGF receptor, demonstrating that the interaction EGFR-SOCS-5 is mediated by the SH2 domain. Mutations in both the SH2 domain and the SOCS box ablate EGFR degradation. Therefore, SOCS36E may interact with the Sev receptor through the SH2 domain in Drosophila eye development. We used transgenes carrying mutations for these domains and compared their abilities to suppress the sev S11 rough eye phenotype when overexpressed by sev-Gal4 to the effect of the wild-type Socs36E construct. For the SH2 mutant (SH2⁎) the conserved arginine (Arg 500 ) was substituted for a lysine to cripple the ability to bind phosphorylated tyrosine residues. For the SOCS box mutant (ΔSB) the conserved SOCS box was deleted entirely (Callus and Mathey-Prevot, 2002) . We found that UAS-Socs36E-SH2⁎ ommatidia did not show a significant reduction of R7 cells in comparison to controls that lacked the sev-Gal4 driver (p = 0.2621; Figs. 6A-C). In contrast, flies carrying sev-Gal4 activated UAS-Socs36E-ΔSB resulted in a significant reduction of the number of R7 cells in comparison to controls (p b 0.001; Figs. 6D-F) . 80% of the ommatidia contained three to seven R7 photoreceptors per ommatidium in controls carrying sev S11 and inactive UAS-Socs36E-ΔSB. When UAS-Socs36E-ΔSB construct was activated, nearly 80% of ommatidia contained only one to three R7 cells. These results indicate that the SH2 domain is essential for the Sevenless-SOCS36E interaction. It is worth noting that in these conditions the suppression of UAS-Socs36E-ΔSB is less prominent than with the wild-type UASSocs36E transgene.
Specificity of Socs36E interaction with Sev
The specificity of this novel function of Socs36E was also tested in different genetic backgrounds. It has been described that mammalian SOCS-5 co-immunoprecipitates with EGFR (Kario et al., 2005; Nicholson et al., 2005) . Weak suppression of Egfr has also been reported in the wing disc after Socs36E overexpression (Callus and Mathey-Prevot, 2002; Rawlings et al., 2004) . We observed that the rough eye phenotype generated by the gain-of-function Elp B1 and Elp 1 alleles Rubin, 1989, 1992) or by the constitutively activated UAS-λtop construct (Queenan et al., 1997) or the UAS-tor D EGFR
constructs (Dominguez et al., 1998) was not suppressed after expression of Socs36E ( Fig. 1 supplemental data; Figs. 7A-B) . We quantified the number of R7 cells and found that UAS-tor D EGFR under sev-Gal4 driver produced ectopic R7's in 20% of ommatidia (n = 250) whereas 14% (n = 210) when co-expressed with Socs36E (Fig. 7C) . The statistical analysis confirmed that the differences between both genotypes for the number of R7 cells per ommatidium, were not significant (p = 0.198; Fig. 7C ).
The R7 determination also relies on other factors in addition to Sev. We hypothesized that if SOCS36E acts specifically downstream of Sev, the generation of R7's by those other factors should not be suppressed by activation of SOCS36E. For example, Lozenge (lz) is a transcription factor required for R7 specification (Daga et al., 1996) . Ectopic expression of lz under the sev promoter transforms R3/R4 photoreceptors into R7's (Flores et al., 2000) , but activation of UAS-Socs36E with sev-Gal4 in sev-lz flies did not rescue the R3/R4 transformation (p = 0.159; Figs. 7D-F) . Also, constitutively activated alleles of Notch (sev-N nucl and sev-N act ) in the sev equivalence group converts non-R7 precursors into R7 photoreceptors in a Sev independent manner (Figs. 7G and 7J) (Cooper and Bray, 2000; Fortini et al., 1993) . We found that UAS-Socs36E in these cells was not able to rescue the activated Notch rough eye phenotype neither the extra R7 cells (p = 0.237 for sev-N under the control of sev regulatory sequences produces a severe rough eye phenotype (Fig. 2 Supplemental data), mainly due to the transformation of cone cells into R7 photoreceptors (Dickson et al., 1992; Fortini et al., 1992 ). When we co-expressed these transgenes with UAS-Socs36E, we found weak or no suppression of the rough eye phenotype. It is likely that the weak suppression resulted from the suppression of the endogenous Sev kinase and suggests that the interaction may occur upstream of Ras/Raf. Since Socs36E has been described as a negative regulator of the JAK/STAT pathway, we also examined whether the suppression of R7 cell specification by Socs36E was due to downregulation of the JAK/ STAT signaling pathway rather than a direct interaction with Sev signaling. Flies carrying a loss-of-function allele of the JAK/STAT ligand upd did not suppress the sev S11 rough eye phenotype (Fig. 3 Supplemental data). Furthermore, similar results were obtained using other loss-of-function alleles of the JAK/STAT pathway such as the receptor interacting protein hopscotch (hop) and the downstream transcription factor Stat92E, as they did not affect the rough eye phenotype (Figs. 3C and D Supplemental data). Moreover, it has been shown that loss-of-function mosaic clones for JAK/STAT alleles showed a regular array of ommatidia containing a wild-type complement of correctly differentiated cells, albeit ommatidial polarity was inverted (Zeidler et al., 1999) , indicating that the JAK/ STAT pathway is not required for cell fate specification or differentiation in ommatidial cells. In addition, we also overexpressed another member of the fly SOCS family, the Socs44A gene, which also contains a SH2 domain and is more similar to mammalian SOCS-6 and SOCS-7 (Rawlings et al., 2004) . No suppression of sev S11 was found (Fig. 4 Supplemental data), suggesting that the interaction between SOCS36E and Sev is highly specific, being in agreement with multiple functions of SOCS proteins (Rawlings et al., 2004) .
Discussion
We have demonstrated that SOCS36E is a partially redundant Sev attenuator that is specific for this receptor in the developing eye. Two features characterize the function of SOCS36E in this context. First, Socs36E expression is repressed by high Sev activity in the precursor of R7. Second, SOCS36E serves to attenuate receptor activity by the SH2 domain. Attenuation of the Sev activity was proven in vivo, however, by scoring the reduction of R7 cells in sev overexpression, or even in the wild type. The slight increase of R7 cells in Socs36E loss-of-function conditions strongly supports the notion that SOCS36E keeps the signaling below a threshold. Our observations are the first evidence of SOCS36E acting on Sev signaling in the eye photoreceptor specification.
Socs36E expression is high in cells that express Sev but avoid R7 differentiation, and absent in pre-R7's. Thus we hypothesize that (Freeman, 2000) . Negative feedback loops constitute a central mechanism by which systems attain robustness, as they comprise a major stabilizing role in complex circuits (Amit et al., 2007) . Second, a strong signal is reinforced in R7 by suppression of the Socs36E expression. The R7 specification requires high Ras activity, which is normally achieved by the activation of both EGFR and Sev, but EGFR activity is not sufficient to downregulate Socs36E. The precursors of R3 and R4 require EGFR signaling for their specification and still contain high levels of Socs36E. Yet we have shown that high levels of Ras activity, using sev-Ras V12 , remove SOCS36E in cells that should normally express it. This argues that EGFR and Sev receptors achieve different levels of Ras activity. Alternatively, it could be that in R7, Ras activity is higher because Sev and EGFR are activated and it is this joint activity that results in the suppression of Socs36E expression. The spatial and temporal requirements of sev expression have been previously studied (Basler and Hafen, 1989a,b; Bowtell et al., 1989) . Thus Sev function is only required during a brief, defined period for the R7 initiation and subsequently is dispensable for differentiation. It is precisely during this period that SOCS36E is absent in the R7 but present in the rest of the equivalence group.
Activation of receptor tyrosine kinases such as Sev and EGFR triggers receptor oligomerization and autophosphorylation on tyrosine residues. These phosphotyrosines serve as docking sites for SH2 domain containing adaptor proteins that link the receptor to downstream effectors such as Ras. In mammals, the SH2 domain adaptor protein Grb2 links receptors to the Ras/MAPK cascade by recruiting Son-of-sevenless (Sos) to the membrane (Rozakis-Adcock et al., 1993). As stated above, the rescue of the ectopic activation of Sev receptor by missexpression of Socs36E is almost complete. The intermediate phenotype found when both drk and Socs36E are coexpressed suggests that these proteins antagonize each other's ability to modulate Sev signaling. This could be achieved either by competing for the same docking site or by binding to different docking sites or phosphorylated adaptor proteins. In any case, the absence of rescue in sev S11 eyes when we overexpressed a Socs36E transgene with the SH2 domain mutated demonstrates that the SH2 domain is essential for inhibiting Sev action. The SH2 domain is not only involved in receptor association but also in its degradation since SOCS proteins use their SH2 domain for the recognition of substrates (Kario et al., 2005) . Thus, very likely the physiological degradation of the target protein will be fully accomplished in the presence of a functional SOCS box in addition to SH2. It has been proposed that signal attenuation could function by conjugating ubiquitin to activated tyrosine kinase receptors, thereby promoting receptor endocytosis and lysosomal degradation (Marmor and Yarden, 2004) . Indeed, SOCS36E could bind phosphorylated Tyr motifs and recruit the receptor towards the degradation machinery when Sev is wrongly activated in any of the non-R7 cells of the equivalence group. We do not have any evidence for a reduction in Sev protein levels by antibody staining. However, since only the activated receptor would be degraded in non-R7 cells, this minor fraction would not be detected with an antibody that recognizes the entire Sev protein pool. In addition to negatively regulate the JAK/STAT pathway, the mammalian ortholog SOCS-5 also suppresses EGFR signaling in mammalian cells (Kario et al., 2005; Nicholson et al., 2005) . In flies, not only the JAK/STAT pathway, but the also the EGFR is repressed by overexpression of Socs36E during wing venation. However Socs36E only weakly suppresses Drosophila wing vein specification (Callus and Mathey-Prevot, 2002; Rawlings et al., 2004) . Overexpression of wild type Socs36E and mutated SOCS Box transgenes results in absence of the anterior crossvein, a portion of vein tissue that links two longitudinal veins (Callus and Mathey-Prevot, 2002) . Also, in heterozygous flies for EGFR loss-of-function alleles, the overexpression of Socs36E results in occasional thinning of a segment of vein L4 and appearance of ectopic vein material. As we describe here, overexpression of Socs36E is not able to rescue the eye roughness and extra R7's due to gain-of-function alleles of Egfr. It may be that a weak suppression of the EGFR in the eye escaped our observations. But even so, it would contrast with the solid suppression of the activated form of Sev after overexpression of Socs36E and with the observation that also in hypomorphic sev the loss of Socs36E results in a significant recovery of the normal number of R7's. We speculate that a mechanistic basis for the specificity in the eye for Sev versus EGFR would be that the SH2 domain of SOCS36E has a higher binding affinity for Sev phosphorylated tyrosine residues than for other tyrosine kinase receptors.
The specificity of SOCS36E for Sev has also been analyzed for other factors involved in R7 specification. If SOCS36E would be simply downstream of R7 determination, then its expression should suppress R7 specification in different contexts. The transcription factor Lz is normally expressed in R1/R6 and later in R7 (Flores et al., 1998) . In R7 precursors, transcription of prospero is activated by Ras and also requires activation by Lz (Xu et al., 2000) . Notch activation in the presumptive R7 cell constitutes a signal required, in combination to Sev, to specify the R7 fate (Tomlinson and Struhl, 2001) . Ectopic activation of either lz or N in the Sev equivalence group results in R3/4 or R1/6 transformations into R7, respectively. However, those transformations were not suppressed by the activation of SOCS36E. This observation strengthens our view that SOCS36E interferes specifically with the tyrosine kinase receptor and not simply with the R7 cell fate. SOCS44, which also contains the similar modular architecture as mammalian SOCS and shows greatest sequence similarity to SOCS-6 and SOCS-7 has been reported to have opposite effects on EGFR signaling in the wing venation as it enhances EGFR signaling (Rawlings et al. 2004) . The observation that this member of the SOCS family does not suppress Sev provides additional support for the specific function of SOCS36E. This is in agreement with the proposed multiple functions of the Drosophila SOCS proteins (Rawlings et al., 2004) .
As stated above, the loss-of-function of Socs36E results in a low expressivity phenotype indicative of redundancy. In structural terms, robust systems can be enhanced if there are multiple means to achieve a specific function because failure of one of them can be rescued by others (Kitano, 2004) . Besides, this redundancy, which could be due to factors with similar functions, could also explain why Socs36E was not detected in other screenings of the pathway based on loss-of-function mutations (Gaul et al., 1992; Karim et al., 1996) . The structural robustness of the pathway is essential to ensure the R7 driven UV vision of the fly (Harris et al., 1976) . Disruption of Sev signaling results in cone cell lineage instead the R7 lineage (Harris et al., 1976; Tomlinson and Ready, 1986) . Thus, we propose the action of SOCS36E as a model in which mechanisms of feedback regulation will enable fail-safe performance in the face of perturbations that could result in wrong developmental decisions.
